Production of oil and gas reserves in the New Mexico Four Corners Region results in large volumes of "produced water". The common method for handling the produced water from well production is re-injection in regulatory permitted salt water disposal wells. This is expensive (~ $5/bbl.) and does not recycle water, an ever increasingly valuable commodity.
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Previously, Sandia National Laboratories and several NM small business tested pressure driven membrane-filtration techniques to remove the high TDS (total dissolved solids) from a Four Corners Coal Bed Methane produced water. Treatment effectiveness was less than optimal due to problems with pre-treatment. Inadequate pre-treatment allowed hydrocarbons, wax and biological growth to foul the membranes. Recently, an innovative pre-treatment scheme using ozone and hydrogen peroxide was pilot tested. Results showed complete removal of hydrocarbons and the majority of organic constituents from a gas well production water. and reverse osmosis (RO) membrane technologies at removing the high salt content present in the produced water. Several pre-treatment techniques were used to remove the organic materials prior to salt removal. Pre-treatment included the use of cyclone filters, settling tanks, granular carbon and granular zeolites. During this 2007 pilot study, the performance of the membranes was sub-optimal due to problems with the pre-treatment. Failure to remove dissolved and free hydrocarbons, bacteria, and paraffin wax (all of which are often present in Four Corners region gas and oil wells) resulted in pre-mature fouling/plugging of the membranes.
Generally, the primary concern in produced water treatment is the level of total dissolved solids (TDS) which varies by well. The TDS is composed of dissolved matter in the water such as salts, organic material, and minerals. Technology to remove the salts (desalination of sea and brackish water) is well understood and documented; however, high salinity waters containing hydrocarbons and other organic material are not as well understood primarily because of inadequate testing of pretreatment schemes to remove the organics. Often times a sequence of treatment technologies known as a "treatment train" is required to efficiently remove the TDS to acceptable levels.
Background

A 2009
Argonne National Laboratory study estimated that 56 million barrels of water are produced onshore every day, but this study may underestimate the current total volume because it is based on limited, and in some cases, incomplete data generated by the states. Producers of oil and gas can choose from a number of practices to manage and treat produced water, but underground injection is the predominant practice because it requires little or no treatment and is often the least costly option. According to federal estimates, more than 90 percent of produced water is managed by injecting it into wells that are designated to receive produced water. [1] There is an inextricable link between water and energy production; consequently, considering that fresh water is becoming more scarce every year, efforts towards recycling or re-use of produced water are growing. In fact, just this past year -effective March 31, 2015, the New Mexico Oil Conservation Division (OCD) adopted a new rule that allows the oil and gas industry to store and use recycled water in oil and gas production. [4] The ruling is designed not only to save fresh water but to save the industry dollars normally spent on the transportation of produced water to disposal wells. This change in the regulatory environment provides the opportunity to find an alternative to disposal for water previously considered a waste byproduct; however, the water must be cleaned prior to re-use. This introduces an increased need to understand produced water and what is required to meet the water quality criteria.
TREATMENT PROCESSES FOR PRODUCED WATER
Generally the water quality and volume from any given gas or oil well varies widely based on three factors:
1. hydrocarbon being produced; 2. geography; and 3. production method.
In New Mexico the water quality varies primarily dependent on which formation is being tapped. The water treated during this pilot project was produced from a gas well located near Counselors, NM. The well identified as #1 Gallo Canyon (API #30-039-23391) is within the San Juan Basin, the most productive coalbed methane basin in North America covering an area of about 7,500 square miles across the Colorado/New Mexico line. [3] Figure 1 shows the well identification data. Water treatment processes that have been commercially used in the past by the oil and gas industry focused mainly on the removal of oils and greases, scale control, and suspended solids and brine volume reduction using evaporation impoundments. [5] As higher value beneficial use options such as irrigation, livestock watering, groundwater recharge and habitat restoration grow, treatment objectives will require processes that have even greater capability to remove contaminants.
Colorado School of Mines completed a comprehensive technical assessment of produced water treatment technologies in 2009. [2] A total of 54 technologies were reviewed and assessed using the following criteria shown in Table 1 . An important note is that each criteria is not weighted therefore technology users often focus on certain criteria while neglecting others. Failure to consider all criteria when making a decision on water treatment can lead to problems as seen in the 2007 Sandia National Laboratories pilot demonstration where the pre-treatment was not given enough importance during the pilot design. The critical issue when using a membrane based demineralization process such as RO is protection of the membranes from suspended solids, oil and grease and biological fouling. As such, it is important to have a pre-treatment process that will remove the suspended solids, and destroy the organics (oil, grease, waxes, and microorganisms). Generally the use of chlorine products having a chlorine residual are great for limiting biological growth; however, they can damage pressure membranes so a technology that destroys organics but has no adverse effect on the membranes is preferred. Much of the previous work using RO membranes has shown good demineralization performance of produced waters; however, premature degradation of the membranes is common. Figure 2 is an example of what happens to the membranes as treatment progresses. This figure exhibits how performance of an RO membrane degrades with each Figure 2 . Pressure drop accumulation profile of reverse osmosis pilot. [5] membrane cleaning. The cause is typically fouling of the membrane surfaces increasing the pressure drop across the membrane, decreasing efficiency of the water treatment, eventually to the point where the membranes need replacement at a significant cost.
This information, together with the body of experience with RO in the oil and gas industry, suggests that increased emphasis needs to be placed on high-performance preprocessing to remove oil and grease as well as total organic carbon to sustainable low levels and to minimize detrimental impacts to the expensive membrane components that carry out demineralization. [5] NEW OPPORTUNITY FOR ALTERNATIVE WATER USE STUDY In response to the new ruling by the New Mexico OCD promoting recycling and reuse of produced water, Sandia National Laboratories re-visited the problems encountered during the 2007 pilot study. In 2015, a new project directed at finding a solution to the produced water pretreatment issues in the Four Corners region of NM was funded. The solution involved three tasks:
1. evaluate potential pre-treatment options that could remove the hydrocarbons and other organic materials; 2. identify the optimal pre-treatment option; and 3. conduct a field pilot test to collect actual data on performance of the selected pretreatment option. Table 1 above. The 54 technologies discussed in the report were evaluated for applicability to the Four Corners produced water. Some of the technologies are stand-alone and others are multi-technology processes.
Technologies that are capable of removing the organic constituents and metals such as iron or manganese that could foul a membrane were considered for this pilot project. A combination of bag filtration, advanced oxidation using ozone and hydrogen peroxide (as needed) and chemical precipitation were chosen for the pilot test at #1 Gallo Canyon.
Ozone and Chemical Precipitation
Several of the reviewed technologies could to treat the Four Corners CBM produced water; however, considering the past difficulties with the potential for microorganisms (algae and bacteria), paraffin wax, hydrocarbons, iron and manganese the best choice for a pilot demonstration appeared to be a proprietary process which includes a combination of ozone nanobubbles coupled with hydrogen peroxide advanced oxidation and chemical precipitation with a complimentary reagent to prepare the water for a pressure driven membrane process (NF and/or RO).
Field Scale Pilot Study
The pilot study was conducted at the #1 Gallo Canyon gas well located approximately 2 miles northeast of Counselors, NM. M&M Production and Operations, Inc. (M&M) own and operate the natural gas well identified as API #30-039-23391. Figure 3 is a process flow diagram (PFD) for the pre-treatment pilot system. Produced water to be treated is gathered directly from the oil/water separator unit and/or the water storage tank. Next, the produced water was gravity fed into a settling tank where solids settle out of suspension. Water was decanted, a coagulant was added as needed, pumped through a bag filter (5 and 20 um removal size were used separately with no noticeable difference), then into the proprietary ozone (O 3 ) columns (two 4" diameter columns were used for the pilot to expedite system set up in the field). Hydrogen peroxide (30% H 2 O 2 ) was metered into the process as needed. Water and O 3 flowed co-current to maximize contact time and reaction kinetics. The oxidation-reduction potential (ORP) of the solution was monitored to determine ozone, and H 2 O 2 flowrates. Next the water flowed through another 5 um bag filter, a carbon polishing column and finally into a clean saline water storage tank. At that point the water was free of organic materials, only containing mono-and divalent salts. In an actual field operation, the next step would be removal of the salts using a membrane process such as RO or other method dependent on the salinity. Figure 4 is a view of the actual field site. The oil/water separator divides water and hydrocarbons based on varying density. Separated water is then transferred on-site to a water storage tank (refer to Figure 4 ). M&M's current standard operating procedure is to transfer the stored water to a tanker truck and transport off-site for disposal in a permitted SWD (salt water disposal) well resulting in a significant cost to overall operations. During the pilot, water was drained via gravity to the pilot makeup storage tank ( Figure 7A) .
A very small amount of coagulant was added and mixed into the makeup water to flocculate the relatively high levels of iron and manganeese which had been oxidized and precipitated by the ozone to facilitate removal in the cartidge filter. In a full scale system, failure to remove iron and manganese would negatively impact the RO membranes.
The iron appeared to complex with the sulfate forming ferric sulfate flocs. Pilot System Performance Table 2 contains the analytical data from two separate sampling events during the pilot system operation. Pre-1 and Pre-2 were samples collected from the raw produced water prior to any treatment. Post-1 and Post-2 samples were collected from the clean water storage tank at the end of the treatment process. Figure 12 displays the difference in visual appearance of the pre and post treatment water. The pre-treatment sample is on the left, the post-treatment on the right. 
CONCLUSIONS
Produced water from the #1 Gallo Canyon gas well was treated at pilot scale using ozone and hydrogen peroxide. The objective of the pilot study was to evaluate the effectiveness of the O 3 /H 2 O 2 system as a pre-treatment method for removal of the petroleum hydrocarbons, paraffin wax, microorganisms and other volatile components present in typical coal bed methane gas produced waters. Sample analysis indicated that 100% of the total petroleum hydrocarbons were removed in both samples collected as indicated by the removal below detection limits of the NHexane extractable materials. The volatiles (benzene, toluene, xylene were 98.7% removed or greater. The BOD (biochemical oxygen demand) was lowered by 97 and 90% respectively. Biochemical oxygen demand (BOD) is the amount of dissolved oxygen needed (i. e., demanded) by aerobic biological organisms to break down organic material present in a given water sample at a certain temperature over a specific time period. Biochemical oxygen demand is the amount of oxygen required for microbial metabolism of organic compounds in water.
[6] The high removal of BOD means that the oxygen necessary for microorganisms to thrive has been removed. This is ideal for a pre-treatment prior to a secondary treatment with membranes because the possibility of membrane fouling due to organisms is limited.
The COD (chemical oxygen demand) values were largely unchanged. Chemical oxygen demand (COD) testing is commonly used to indirectly measure the amount of organic compounds in water and as such the COD values should have declined as the organic material was destroyed. However, when a water contains high enough levels of oxidizable inorganic materials (chloride) which may interfere with the determination of COD then the value will not go down. Because of the high concentration of chloride in most produced waters, COD is not an ideal measure of organic constituent removal. The test for COD uses potassium dichromate (Cr 2 O 7 2-). The following is the stoichiometric equation for the reaction with chloride.
[7]
Another concern with produced water is the presence of iron and manganese. The ozone process removes these constituents from the water through oxidative precipitation to ferric sulfate or iron oxide and manganese oxide followed by subsequent coagulation and filtration. In this pilot a coagulant was added once the oxidation of the iron to ferric sulfate was visually observed. This resulted in ferric sulfate precipitant (flocs) formation, which was easily removed using the paper cartridge filters as shown in Figure 9 . A full scale system might require a larger scale filtration press or similar system to remove large amounts of flocculated metals prior to the secondary treatment. The TOC was removed by 70 and 72% respectively. If a larger TOC removal was required prior to secondary treatment, the reaction kinetics could be adjusted by modifying the water and O 3 /H 2 O 2 flow rates.
The water exiting the pre-treatment pilot system was brackish water free of organic constituents. This water chemistry is ideal for secondary treatment such as RO designed to remove the remaining salt minerals.
FUTURE RECOMMENDATIONS
As produced water treatment expands nationwide it is anticipated that many of the responsible parties will use proven membrane technologies such as RO or ED as the primary treatment. The principal challenge then becomes protection of the membranes by ensuring an adequate pretreatment to remove potential membrane damaging constituents. The pre-treatment systems will need to be adaptable to the fundamentally different demineralization processes. The fundamental categories of preprocessing that will need to be considered include:
 flow equalization  deoiling  suspended solids removal  soluble organics removal for biological growth control [5] Some or all of these categories may be required depending on the produced water chemistry.
In addition, the testing and results from this pilot study for a produced water will have direct applicability to a flowback water from hydraulic fracture wells. 
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